1. Introduction {#sec0005}
===============

Cellular DNA is constantly threatened by genotoxic events arising from cellular metabolisms (e.g., free oxygen radicals, replication errors) and induced by environmental factors (e.g., ionizing and UV radiations, chemicals). To prevent the effect of endogenous and exogenous mutagenic agents and to maintain genome integrity, cells have evolved a complex response to DNA damage (DDR), which includes repair mechanisms and regulatory circuits. A key role in this response is played by signaling pathways that we will refer to as DNA damage checkpoints, surveillance mechanisms responsible for the coordination of cell cycle progression, DNA replication, transcription with DNA repair and apoptosis. Checkpoint activation temporarily halts or delays cell cycle progression, possibly providing the cell with enough time to remove DNA lesions before these are converted in secondary and more dangerous lesions (e.g., replication through a single strand gap would generate a double strand break). The checkpoints also actively stimulate the repair processes [@bib0005; @bib0010; @bib0015; @bib0020; @bib0025; @bib0030; @bib0035; @bib0040; @bib0045] and, in higher eukaryotes, trigger the apoptotic response, if damage cannot be dealt with successfully [@bib0050; @bib0055; @bib0060].

2. DNA damage checkpoint {#sec0010}
========================

The importance of the DNA damage checkpoint in the maintenance of genomic stability is underlined by the existence of many syndromes linked to mutations in checkpoint genes, causing increased cancer proneness or other clinical symptoms, especially neurological defects [@bib0065; @bib0070]; it is thus not surprising that these pathways are extremely conserved throughout evolution ([Table 1](#tbl0005){ref-type="table"}).

The DNA damage checkpoint response consists of a signal transduction cascade mainly based on phosphorylation events; the mechanistic details of the pathway have been recently discussed elsewhere [@bib0075; @bib0080], and will be just briefly summarized here to give a schematic picture to the reader. The first signaling event is carried out by the apical checkpoint kinases and is triggered after DNA damage detection. Two complexes are independently recruited at the lesion sites [@bib0085]: the human ATR/ATRIP or *Saccharomyces cerevisiae* Mec1/Ddc2 complex, and the 9-1-1 checkpoint clamp complex, composed of Rad9-Rad1-Hus1 in human or their orthologue subunits Rad17-Mec3-Ddc1 in yeast. The co-localization of these complexes is sufficient to trigger at least a partial checkpoint signaling even in the absence of actual DNA damage [@bib0090]. In *S. cerevisiae* the Mec1 apical kinase can be activated both by the Ddc1 subunit of the checkpoint clamp and by the adaptor protein Dpb11 which is recruited at the lesion through interaction with Ddc1 [@bib0095; @bib0100; @bib0105; @bib0110; @bib0115]. In human cells, the 9-1-1 complex is not able to directly activate ATR, but it is needed to recruit TopBP1 (the Dpb11 orthologue) which, in turn, stimulates ATR activity [@bib0120]. The apical kinases phosphorylate checkpoint mediators or adaptors, which are held close to the lesion by the interaction with post-translationally modified histone residues and with other checkpoint factors [@bib0125]. The mediators amplify the signaling cascade providing a platform to recruit effector kinases close to the apical kinases, and facilitating their activation. In budding yeast, Mec1 activates both Rad53 and Chk1 [@bib0130], while in human cells Chk2 is activated by ATM and Chk1 by ATR [@bib0135]. The prototype of checkpoint mediators is *S. cerevisiae* Rad9, which, once phosphorylated by the apical kinase, recruits Rad53 at the damage site allowing its phosphorylation by Mec1. Oligomerization of Rad9 seems to be critical to provide a scaffold for Rad53 binding, leading to a local increase in Rad53 molecules and stimulating its auto-phosphorylation; this event is responsible for full Rad53 activation [@bib0140; @bib0145]. Chk1 activation also requires Rad9, but the mechanism through which this mediator facilitates Chk1 phosphorylation by Mec1 is still poorly understood [@bib0150]. In human cells, the identity of the functional Rad9 orthologue is still debated: multiple candidates exist -- i.e., MDC1 (mediator of DNA-damage checkpoint 1), 53BP1 (p53-binding protein 1) and BRCA1 (breast cancer 1 early-onset) -- all characterized by the presence of tandem BRCT (BRCA1 C-terminal repeat) domains. Since these three proteins are involved in checkpoint signal transduction and each of them seems to carry out, separately and sometimes redundantly, some of Rad9 functions, they may be all considered as Rad9 orthologues [@bib0155]. Finally, effector kinases are responsible for the phosphorylation of a great number of targets, including cell cycle machinery factors and key proteins important for replication and repair [@bib0160; @bib0165].

The checkpoint response can act in at least three different phases of the cell cycle: in G1, to prevent chromosomes with problematic lesions from entering S phase, in S phase to control their replication, and in G2 (or M in some organisms) to avoid loss of genetic information due to mitotic segregation of severely damaged chromosomes. The general scheme of the checkpoint cascade is similar in all three cases, but significant differences can be found, depending on the nature of the DNA lesion and on the cell cycle phase in which the damage is detected [@bib0065; @bib0170; @bib0175; @bib0180]. Furthermore, in human cells the two apical kinases seem to be partly specialized in the response to different classes of DNA damaging agents. In fact, ATM (Ataxia Telangiectasia Mutated) is activated by double-strand breaks (DSBs) caused, for example, by ionizing radiation (IR), while ATR (ATM and Rad3-Related) is activated by ssDNA coated with the RPA heterotrimeric complex and mainly triggers checkpoint activation after UV irradiation or replication-stress. This specialization is possibly imputable to the different networks of physical interactions that these kinases participate to, and that are responsible for their recruitment at the sites of lesion [@bib0185; @bib0190; @bib0195; @bib0200]. The situation is somewhat complicated by the finding that ATR can be also recruited to DSBs and this binding depends upon ATM [@bib0205; @bib0210]. This separation of tasks is not found in budding yeast, where Mec1 (the ATR homologue) is the main player of checkpoint activation after all kind of DNA lesions, while Tel1 (the ATM homologue) is especially devoted to telomere maintenance. The redundant role of Tel1 in the DNA damage checkpoint is uncovered only in the absence of Mec1 [@bib0075; @bib0215].

In this review, we will focus our attention on UV-induced lesions and we will discuss the reciprocal interactions between NER, post replication repair (PRR), and the checkpoint pathway. In particular, we will discuss how NER plays a role in the activation of the checkpoint response after UV treatment, and how checkpoint kinases contribute to modulating the actual repair events.

Given the variety of DNA lesions the cell has to deal with, it was hypothesized that the first responders, among checkpoint factors, had to be recruited to a common DNA intermediate, which was later identified as long regions of ssDNA covered by RPA [@bib0220]. While ATRIP and Ddc2 directly bind RPA-covered ssDNA [@bib0220], loading of the 9-1-1 complex requires the activity of an RFC-like complex, that places it at the junction between dsDNA and 5′ ssDNA [@bib0225]. In the case of a single DSB, a large amount of evidence indicates that recombination factors are first recruited at the DSB, and then the 5′ ends of the DSB are processed through the concerted action of several proteins, including helicases and nucleases. This action generates long ssDNA tails that, on one hand will recruit checkpoint factors, and on the other will initiate repair through homologous recombination mechanisms [@bib0230]. On the other hand, extensive resection is not required when a DSB is repaired through a Non-Homologous End Joining (NHEJ) process [@bib0235]. For a long time, it was unclear how UV irradiation, which causes bulky lesions on DNA (mainly cyclobutane pyrimidine dimers (CPD) and 6,4 photoproducts (6-4PP)) responsible for inducing a distortion of the DNA helix [@bib0240], triggers the same checkpoint response in the absence of any DSB ([Fig. 1](#fig0005){ref-type="fig"}).

3. Nucleotide excision repair {#sec0015}
=============================

UV-induced DNA lesions are mainly removed through NER that efficiently identifies 6-4PPs and more slowly takes care of CPDs. The lesion recognition mechanism of NER depends upon the physical location of the lesion, with TC-NER acting on lesions that block transcription, and GG-NER taking care of the rest of the genome [@bib0240].

NER has been reconstituted *in vitro* and the mechanism is discussed elsewhere in this issue. Briefly, once the lesion has been recognized a pre-incision complex is assembled at the damage site. Endonucleolytic incision 5′ and 3′ to the lesion produces a short gap containing ssDNA covered by RPA, which is then refilled by DNA polymerase activities.

How long this ssDNA tract is exposed for, before a DNA polymerase refills the gap is not clear, but most reports seem to agree that the refilling is extremely rapid and tightly coordinated with the incision process [@bib0245; @bib0250] (see review by Fagbemi et al. in this issue of DNA Repair).

Since UV lesions are bulky and block the progression of replicative DNA polymerases, when the replication forks collide with UV-induced lesions during the S phase of the cell cycle re-priming events may take place downstream of the lesions, leaving ssDNA gaps behind the fork. Such structures have been detected by electron microscopy on replicating UV-damaged DNA and are likely responsible for the rapid and sensitive response observed in UV-irradiated S phase cells [@bib0255]. Outside of S phase and in non cycling cells the situation is quite different. Recent analysis showed that UV lesions themselves cannot activate the checkpoint and NER plays a major role in triggering the checkpoint response, although contrasting results have also been reported [@bib0260; @bib0265; @bib0270; @bib0275; @bib0280; @bib0285].

4. NER and DNA damage checkpoint {#sec0020}
================================

The tight relationship between NER and the checkpoint response started to become clear when, in budding yeast, a *rad14* mutant, which is defective in assembling a competent pre-incision complex, was identified in a screen for mutations specifically inactivating the DNA damage checkpoint in response to UV irradiation, while leaving intact the DSB-induced checkpoint [@bib0275]. Furthermore, a direct interaction between Rad14 and the 9-1-1 checkpoint complex was reported, albeit its physiological significance has not been fully addressed. This work also showed that, in non cycling cells, any NER mutation affecting the incision event caused a deficient checkpoint activity, demonstrating that UV lesions *per se* are not sufficient to trigger the apical checkpoint kinase, and that their processing by a repair mechanism is necessary for recruiting the Mec1/Ddc2 and the 9-1-1 complexes to damaged chromosomes and for a prompt checkpoint response [@bib0275]. Such results are also consistent with the finding that UV irradiation in G1 of a cycling *rad14Δ* strain results in a strong arrest at the beginning of S phase [@bib0290], accompanied by the accumulation of replication-dependent ssDNA regions [@bib0255]. Altogether, it was suggested that a NER intermediate, possibly the ssDNA gapped structure generated by the double incision event may be responsible for recruiting and activating checkpoint factors. In cycling NER-deficient cells, UV irradiation would not cause a G1 delay or G2/M arrest and replication of the damaged template would lead to the accumulation of ssDNA regions resulting in Mec1 activation.

Extension of this kind of analysis to human cells derived from XP patients confirmed that lack of NER-dependent processing prevented UV-induced checkpoint activity in non cycling fibroblasts, revealing that XP cells are not only deficient in repairing UV lesions, but they are also deficient in the G1 and G2/M UV-induced checkpoint [@bib0280; @bib0285]. Interestingly, while XPC cells, defective in GG-NER, exhibit a checkpoint failure, cells obtained from Cockayne syndrome patients, which are defective in TC-NER, are instead able to activate the checkpoint, possibly thanks to the activity of GG-NER. Intriguingly, there seems to be a correlation between the capacity of these cells to properly control G1 and G2/M transitions after UV, their genomic instability and the proneness of XP and CS patients to develop tumors [@bib0280]. In budding yeast, the analysis of mutants specifically defective in the TC-NER or in the GG-NER branches of NER, revealed that activity of either one of the sub-pathways was sufficient to trigger a checkpoint response [@bib0275]. Interestingly, although UV-induced photoproducts and DSBs are processed by different DNA repair pathways and trigger signaling responses controlled by distinct apical kinases (see above) they eventually generate the same epigenetic mark involving H2A ubiquitination [@bib0295].

The model suggesting that gapped NER intermediates are responsible for checkpoint activation in UV-irradiated cells poses a few problems: (a) the gaps are very short (∼30 nt); (b) repair synthesis is very rapid, so the gaps are virtually absent; (c) it is not clear what would be the advantage of activating the checkpoint and arresting cell cycle progression, once the damage is practically repaired.

Recent work shed light on these problems, showing that normal NER-intermediates are not directly responsible for activating checkpoint kinases. In order to achieve a full and prompt checkpoint activity after UV irradiation in non cycling yeast cells, NER is necessary but not sufficient: in fact, the nuclease activity of Exo1 is also required [@bib0300; @bib0305]. Exo1 belongs to the Rad2 family of nucleases and has multiple cellular roles (see [@bib0310] for a review). This work shows that UV irradiation causes the accumulation, in yeast chromosomes, of long ssDNA regions that are dependent upon NER and Exo1 and correlate with Mec1 kinase activation. Preventing completion of repair synthesis by genetic or chemical means strongly increases accumulation of ssDNA and checkpoint activation, in agreement with a previous report [@bib0315]. The frequency of these large ssDNA gaps is much lower than the expected frequency of UV damages, suggesting that only a minor fraction of lesions undergo Exo1-dependent processing. Intriguingly, this mechanism is conserved also in human cells (Sertic et al., in preparation). These results suggest that the ∼30 nt long ssDNA gaps produced by NER can be refilled by DNA polymerases or extended by Exo1; given that polymerases refill a DNA gap at a rate of about 3700 nt/min and Exo1 excises DNA at 160 nt/min, most UV lesions are normally rapidly repaired by NER. This is consistent with the observation that very low UV doses do not seem to activate the G1 checkpoint [@bib0305; @bib0320; @bib0325]; if NER can rapidly and effectively deal with a low number of lesions, there would be no point in triggering a checkpoint response. If for any reason the repair synthesis step is perturbed, Exo1 may have a kinetic opportunity to process the NER gap, generating a long ssDNA region, which recruits checkpoint factors and triggers the signaling cascade ([Fig. 2](#fig0010){ref-type="fig"}). This situation may arise, for example, at higher UV doses, in case repair synthesis factors become limiting or if the refilling polymerase encounters an insurmountable block. In these conditions, repair may not be completed and the extension of the ssDNA region may meet two purposes: activating the checkpoint response and channeling the problematic lesion to a different repair pathway (e.g., recombination) [@bib0330; @bib0335; @bib0340].

Interestingly, translesion DNA polymerase activities (TLS) seem to counteract the generation of the UV-induced checkpoint signal [@bib0305; @bib0345]. Moreover, an unexpected role for TLS polymerases in NER was described in human cells, where DNA polymerase κ was found to be responsible for approximately 30% of the unscheduled DNA synthesis detected in UV-irradiated cells [@bib0350; @bib0355]. The actual role of TLS polymerases in NER is not completely understood and it will be interesting to determine if their activity is limited to particular regions of the genome and/or to particular configurations, such as the presence of a lesion in the template strand that may interfere with the refilling step of NER, as previously suggested in bacteria [@bib0360].

5. Closely opposing lesions {#sec0025}
===========================

The possibility that Exo1-depedent processing may be facilitated by a polymerase blocking lesion in the template is intriguing. One instance where this might happen is when two UV lesions, one on each DNA strand, are generated in a limited region; this configuration has been defined "closely opposing UV lesions" [@bib0365; @bib0370; @bib0375]. Probability calculations would predict that the frequency of closely opposing lesions increases with the square of the UV dose and the chance of generating such situation in a yeast chromosome is expected to be very low. On the other hand, UV lesion formation has a strong sequence bias, and actual measurements on irradiated DNA proved that approximately 1% of all UV-induced lesions are configured as closely opposing lesions [@bib0380; @bib0385; @bib0390]. When NER encounters two closely spaced lesions, one on each strand, a major problem arises. NER can only process one damage at a time because the lesion needs to be in a double-stranded configuration [@bib0395]. Incision and removal of the first UV-induced dimer leaves to the refilling polymerase a gap containing a lesion in the template strand. DNA polymerase δ or ɛ, which normally take care of repair synthesis, cannot replicate past the template lesion and stall, strongly resembling a blocked replication fork. During S phase, such situation would be bypassed via Post Replication Repair (PRR), which entails TLS polymerases and/or template switching mechanisms. Interestingly, it was recently shown that DNA polymerase κ directly participates to NER repair synthesis in human cells [@bib0350; @bib0355] and that loss of TLS activity greatly potentiates the checkpoint response to UV irradiation in yeast G1 cells [@bib0305], suggesting that closely opposing UV lesions may indeed be at least partly responsible for checkpoint activation. These particular lesions may also contribute to explain the observation that both in wild-type yeast and bacteria cells most of the UV-induced mutagenesis depends upon a functional NER and takes place in G1 cells, while in the absence of NER the mutagenesis is S-phase specific [@bib0400; @bib0405]. Moreover, a role for TLS in G1-irradiated cells is also supported by the finding that G1 synchronized cultures of yeast mutants lacking TLS polymerases are more sensitive to UV light than asynchronous cultures, while this is not the case for strains that are TLS proficient [@bib0305].

6. Replicating UV damaged DNA {#sec0030}
=============================

As mentioned above, in NER deficient cells, the lack of lesion removal coupled to the failure to activate the G1 DNA damage checkpoint in response to UV irradiation allows a large amount of DNA lesions to go into S phase. Here, there is no need for lesion processing to generate the checkpoint activating structures since ssDNA regions are generated by the stalling of replication forks at the polymerase blocking lesions. Blocked polymerase can leave the lesion and PCNA behind and re-initiate downstream of the lesion via a re-priming mechanism, generating numerous ssDNA gaps behind the forks, which are likely responsible for the strong activation of Mec1 during S phase in UV-irradiated cells [@bib0255; @bib0410; @bib0415; @bib0420; @bib0425]. Consistently, even at low UV doses (5 J/m^2^), NER deficient yeast cells exhibit a strong cell cycle arrest at the beginning of S phase, due to Mec1 DNA damage checkpoint activation [@bib0290]. An active checkpoint leads to Rev1 phosphorylation [@bib0430; @bib0435], possibly increasing TLS activity and progressively reducing the amount of RPA-covered ssDNA, thus promoting the switch off of the checkpoint itself.

In a wild type background, elegant time lapse experiments showed that after an acute low dose of UVC light (5 J/m^2^) yeast cells do not delay cell cycle progression until they proceed through S phase; for this reason this response was called post-replication checkpoint [@bib0320]. With low levels of UV-induced lesions the NER mechanism is very efficient and rapidly takes care of most lesions, so that neither the G1 or the G2 checkpoints are activated. The few lesions that are encountered by replicating polymerases in these conditions, on the other hand, block the replication fork and trigger a checkpoint response; this response may be detected in late S phase, when most replicons have completed duplication and the left-over ssDNA gaps need to be refilled ([Fig. 2](#fig0010){ref-type="fig"}). An important point in this regard was made by irradiating budding yeast cells with very low (0.18 J m^−2^ min^−1^) chronic UV dose (CLUV): the only pathway necessary and sufficient to ensure cell survival was found to be the *RAD5*-dependent branch of PRR [@bib0325]. Indeed, NER deficient cells (*rad14Δ*) and DNA damage checkpoint deficient cells (*mec1Δ*) are not particularly sensitive to the CLUV treatment, contrary to the *rad18Δ* and *rad5Δ* cells, deficient in PRR [@bib0325], which irreversibly activate Mec1 DNA damage checkpoint and die in the G2 phase. In fact, S phase can be completed in the absence of PRR, but the gapped replicated DNA needs to be refilled by PRR in G2 in order to warrant cell survival [@bib0330; @bib0335].

In mammalian cells the situation is more complex, because NER acts also in S phase, where GG-NER is enhanced [@bib0440] and is stimulated by active ATR [@bib0445; @bib0450]. Indeed, ATR-deficient Seckel syndrome fibroblasts exhibit attenuation of S phase specific GG-NER and a similar effect has been detected in XPV skin fibroblasts, deficient in pol η [@bib0455]. Thus, in human cells both ATR-dependent DNA damage checkpoint and TLS influence S phase-specific GG-NER: defects in ATR or pol η may cause the abnormal persistence of ssDNA gaps opposite a template lesion and this would inhibit DNA adducts excision by GG-NER.

7. Recruitment of checkpoint factors by NER {#sec0035}
===========================================

In the last few years evidence has emerged that the role of NER in checkpoint activation is not limited to the generation of the ssDNA signal but, in addition, NER proteins seem to be involved in directly recruiting checkpoint factors to the proximity of DNA lesions.

In *S. cerevisiae*, a physical interaction was identified between Rad14 and both Ddc1 and Mec3, two subunits of the 9-1-1 checkpoint complex. Although the physiological relevance of this interaction has not been directly investigated further, association of Ddc1 and Ddc2 to UV-damaged chromosomes is lost in a *rad14Δ* strain, suggesting that the 9-1-1 complex may be initially recruited at the sites of DNA lesions by directly interacting with the key NER factor Rad14 [@bib0275].

Additional observations indicate that this mechanism is most likely conserved in higher eukaryotes. In human G1 cells the recruitment of the 9-1-1 complex onto damaged DNA is dependent on XPA and XPC proteins [@bib0460]; analogously, Cep164, a checkpoint mediator protein in the ATR signaling pathway required for Chk1 phosphorylation after UV damage, was shown to be recruited to CPD sites in a NER-dependent manner, through UV-induced physical interaction with XPA [@bib0465]. In addition, a role for NER in the activation of ATM after cisplatin treatment was discovered. Immunoprecipitation experiments revealed a physical interaction between ATM and NER factors and this association is required for ATM recruitment to DNA [@bib0470] ([Fig. 3](#fig0015){ref-type="fig"}).

Combining the notion that processing of lesions by repair machineries is a pre-requisite for checkpoint activation outside of S phase, with the observation that checkpoint factors interact with repair proteins depicts a model where the repair machinery, which is specialized for direct lesion recognition, increases the local concentration of checkpoint sensors on damaged chromosomal regions facilitating a robust checkpoint response.

Interestingly, a NER-independent mechanism for activating checkpoint kinases seems to exist in non cycling cells. If NER-deficient yeast cells are blocked in the G1 phase of the cell cycle, UV irradiated and held in non dividing conditions indefinitely, a delayed activation of the Mec1-dependent pathway has been reported [@bib0475; @bib0480]. Recent evidence indicates that UV-induced signaling may proceed via NER-independent mechanisms also in non-dividing mammalian cells likely through generation of DNA strand breaks [@bib0485].

8. NER modulation by checkpoint proteins {#sec0040}
========================================

The interplay between NER and the DNA damage checkpoint is even more complex; in fact, while NER is involved in checkpoint activation, the checkpoint pathway actively stimulates NER by modulating cellular levels, localization and activity of NER factors, through transcriptional regulation, direct protein--protein interactions and post-translational modifications ([Fig. 3](#fig0015){ref-type="fig"}).

The *S. cerevisiae* Rad9 gene product plays a role in the repair of both UV-damaged strands of an actively transcribed gene; this effect on NER is likely indirect and probably occurs through up-regulation of some NER genes (i.e., *RAD2*, *RAD7*, *RAD16* and *RAD23*), consistently with a previously reported Rad9-dependent stimulation of NER genes transcription [@bib0490]. Rad9 does not seem to be required for the repair of non-transcribed regions, suggesting that it is acting only when repair is coupled to transcription [@bib0040]. Along similar lines, Rad26, a NER factor critical for TC-NER, is a direct target of Mec1 kinase and its phosphorylation enhances TC-NER, possibly by stimulating its ATPase activity or by modulating its interaction with other TC-NER proteins [@bib0495]. Notably, CSB (the human orthologue of Rad26) was identified in a screen for putative ATM/ATR substrates [@bib0165], pointing to a conservation of this regulatory mechanism through evolution. Other NER factors were found in the same screening, namely XPA, XPC, RPA1 and RAD23B, but further characterization will be required to prove the significance of the interaction between ATM/ATR and the NER factors identified in the screen. Another example on the possible feedback of the checkpoint on NER is the regulation of XPA by ATR. It has been found that XPA nuclear import and its stable accumulation at nuclear foci after UV irradiation is dependent upon ATR. ATR also seems to be responsible for XPA phosphorylation after UV radiations, although this modification is not required for XPA foci formation [@bib0500; @bib0505; @bib0510]. Further studies will be required to firmly establish the role of ATR in the modulation of the XPA function. Finally, an S-phase specific role for the DNA damage checkpoint in regulating GG-NER was recently suggested. In particular, ATR inhibition was shown to specifically abrogate NER in S-phase, while the repair rate was unaffected in G1 and G2/M cells [@bib0445]. Another report revealed a role for the replication checkpoint mediator Claspin in regulating the DDB2 subunit of the UV-DDB factor, which is involved in the initial steps of GG-NER [@bib0515]. DDB2 is localized at the UV-induced DNA lesions, where its ubiquitination and subsequent degradation seems to control XPC recruitment and damage recognition, thus triggering the NER process [@bib0520]. Claspin knockdown affects DDB2 recruitment at damage sites and its subsequent ubiquitin-mediated degradation; in agreement with this observation, it has been shown that Claspin and DDB2 physically interact and their association is greatly enhanced upon UV irradiation [@bib0515].

9. Summary and perspectives {#sec0045}
===========================

The complex interplay between NER and DNA damage checkpoints is not an isolate case in the DDR landscape, since in recent years a large cluster of papers highlighted the reciprocal interdependence of the checkpoint pathways and virtually all other known repair systems. It seems that, as a general rule, a two-way functional interaction exists between the checkpoint machinery and the repair apparatus. On one side, repair factors help to recruit checkpoint proteins at the damage sites onto DNA and, by modifying the primary lesions to RPA-covered ssDNA, trigger the checkpoint cascade; on the other side, once activated the checkpoint pathway stimulates the repair process mainly through direct protein--protein interactions or post-translational modifications. One of the key factors at the interface between checkpoint and repair is the 9-1-1 checkpoint clamp, and its involvement in such processes has been recently discussed [@bib0125].

The checkpoint response may be seen as a process that signals the cell that something that should have been working properly, has instead some problem; the cell can thus deploy a set of measures to attempt to solve the problems and avoid further complications.

The data obtained with low acute UV doses suggest that if the lesions are not frequent enough to interfere with G1 or G2 processes, the cell has no way (or need) to acknowledge their presence and activate the checkpoint. Indeed, NER can easily keep these lesions under control. When these damage-containing chromosomes are replicated, though, the DNA polymerases scanning the genome will eventually detect them, and re-initiate DNA synthesis further downstream leaving behind ssDNA gaps. Since the region hosting a polymerase-blocking lesion can be almost completely replicated by an incoming fork starting from an adjacent origin, at low levels of lesions the gaps will accumulate and activate the checkpoint kinases toward the end of S phase. This event has a clear relevance since checkpoint mutants will die in this situation, and only after checkpoint activation the gaps are refilled by PRR and the lesions are actually removed from the chromosomes [@bib0305]. It has to be noted that a checkpoint response can be triggered in G1 cells, even at these low UV doses, if something interferes with completion of NER. Indeed, alterations in the refilling step of repair will sensitize G1 cells more than S phase cells [@bib0290].

At higher UV doses (\>20 J/m^2^), cells promptly respond also in non replicating conditions, consistently with the increased probability of repair problems arising. Repair DNA synthesis, in these situations, could be affected by the low level of dNTPs, by the formation of closely opposing lesions, by limiting level of particular factors in saturating conditions and by the higher possibility that lesions are generated in "difficult to repair" chromosomal locations. If the refilling reaction is problematic, nucleases like Exo1 have a greater chance to process the NER intermediates and elicit a checkpoint response [@bib0290].

What is surprising is what happens with chronic low UV doses (CLUV), which are supposed to best mimic sunlight exposure. Experiments performed in yeast cells have suggested that in CLUV conditions no checkpoint is activated, not even during S phase; indeed, checkpoint deficient strains do not exhibit sensitivity to CLUV treatment [@bib0310]. Even more surprisingly, NER is not important in these conditions, since NER-deficient cells are also not sensitive to CLUV. The possibility to extend these findings beyond yeast cells remains to be determined, indeed they seem to contrast with the situation observed in XP patients, who are deficient in NER and clearly hypersensitive to sunlight. In the future the actual events happening with sunlight exposure will need to be investigated.

NER is the most versatile repair system and eliminates a wide repertoire of DNA lesions, among which are UV-induced CPD and 6-4PP, that represent the main determinants in solar mutagenesis and skin cancer [@bib0525; @bib0530]. The importance of the findings summarized here may thus expand further than the problems related to exposure to UV light.

It is expected that genome-wide analysis of protein--protein interaction networks provided by high throughput screenings will progressively increase the number of known physical interactions between checkpoint proteins and repair factors, thus strengthening and expanding the model describing the functional connections between these two key genome stability pathways.
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![The DNA damage checkpoint cascade. The DNA damage checkpoint is triggered by a ssDNA region. The left side of the figure reports the checkpoint cascade in budding yeast. RPA-covered ssDNA recruits the Mec1-Ddc2 and the 9-1-1 complexes. Phosphorylated Ddc1 interacts with Dpb11 which recruits the Rad9 mediator. Rad53 and Chk1 kinases are activated upon binding to oligomeric Rad9 and then leave chromatin to find their own targets. The right side of the figure summarizes the same signaling cascade in human cells.](gr1){#fig0005}

![UV-induced checkpoint response. In cells that are not replicating their genome (i.e., G1, G2 or non-cycling cells), NER removes UV lesions efficiently and DNA polymerases (i.e., pol δ, pol ɛ, TLS polymerases) begin the refilling process. If the repair reaction is impeded after the excision step, a competition between the refilling polymerases and Exo1 nuclease can take place. Problematic refilling (e.g., closely opposing lesions) allows Exo1 to further process the gapped intermediate generating long ssDNA gaps which recruit checkpoint factors and trigger the signaling. At low UV-doses G1 and G2 cells do not accumulate large ssDNA gaps since UV lesions can be efficiently removed by NER. If the damages are still present when the cell enters S phase, the replicative polymerase will be blocked by the bulky lesion and will reinitiate DNA synthesis further downstream, leaving ssDNA gaps behind the replication fork. These gaps can be refilled by post replication repair and trigger a post-replication checkpoint.](gr2){#fig0010}

![Crosstalks between NER and checkpoint factors. A two-way functional interaction exists between the checkpoint machinery and the NER apparatus: some examples (discussed in the text) are shown. (A) NER factors recruit checkpoint proteins to damaged chromosomes, thus facilitating the activation of the signaling cascade. (B) DNA damage checkpoint factors modulate NER activity allowing for efficient repair of the lesions.](gr3){#fig0015}
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Checkpoint functions are evolutionarily conserved. The table shows the correspondence between various checkpoint factors in different organisms. The upstream factors are in blue, mediators are in pink and downstream effectors are in green.
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